ABSTRACT: Growth regulators are used in the production of apples worldwide, especially to extend the harvest period and maintain postharvest quality. This study aimed to investigate the effects of applying aminoethoxyvinylglycine (AVG) in isolation as well as in combination with other growth regulators and postharvest techniques on the harvest quality and storage potential of 'Brookfield' apples (Malus domestica), a 'Gala' strain. Fruit receiving AVG only had the highest starch content and the highest titratable acidity at harvest. After 8 months of storage, the AVG + 1-MCP (1-methylcyclopropene) and AVG + ABS (ethylene absorption) conserved higher flesh firmness than to all the other treatments. Naphthaleneacetic acid (NAA) application induced ACC oxidase enzyme activity at harvest, but not after storage. AVG application, with or without the aid of another technique, did not decrease the red skin color of 'Brookfield' apples. Low mealiness and a high healthy fruit percentage was obtained when the fruits were submitted to pre-harvest AVG application combined with NAA, 1-MCP and ABS. Internal carbon dioxide had an inverse correlation with the quantity of healthy fruit and was directly correlated with mealiness.
Introduction
The application of growth regulators is necessary either to advance or to delay the fruit harvest in the field, due to the short period that fruit remains naturally at the correct maturation stage. Besides the short harvest period, another problem is that the harvest is carried out manually and requires a lot of time and manual labor. Thus, growth regulators are frequently used in the orchards.
The main growth regulator applied in the field is aminoethoxyvinylglycine (AVG) which is used to delay the harvest in order to avoid pre-harvest fruit drop (McFadyen et al., 2012; Yildiz et al., 2012) . AVG blinds the active site of ACC (1-aminocyclopropane-1-carboxylate) synthase enzyme and inhibits ethylene production and maturation events initiated by this plant hormone (Yu and Yang, 1979; Huai et al., 2001) . Despite the benefits promoted by AVG application, it decreases the red skin color of 'Gala' apples (Malus domestica) (Steffens et al., 2006) . However, this reduction of red skin color has not yet been proven in 'Gala' mutants.
Another growth regulator used extensively is ethephon, mainly to advance the fruit harvest. Its application allows for an early harvest of the fruit, and also increases the red color of fruit skin Steffens et al., 2006; Ban et al., 2007) . However, ethephon application may decrease organoleptic quality and decrease the storage potential of fruit after harvest, especially in terms of declines in flesh firmness (Steffens et al., 2006; Ban et al., 2007) . As well as the application of ethephon, naphthaleneacetic acid (NAA) is also used during apple production. Its application reduces pre-harvest fruit drop in apples (Yuan and Carbaugh, 2007; Unrath et al., 2009) , oranges (Zur and Goren, 1977) and decreases the fruit size (Black et al., 1995) .
Other techniques are used to control ethylene and consequently fruit softening postharvest, such as 1-methylcyclopropene (1-MCP) application and ethylene absorption (ABS). 1-MCP application blinds the ethylene receptors, thereby inhibiting the ethylene action and consequently fruit ripening (Blankenship and Dole, 2003; Ma et al., 2006) . Ethylene absorption is also carried out in apple storage occasionally. On 'Royal Gala' apples, the ethylene absorption had the same effect as 1-MCP and low relative humidity on ripening control . Thus, this study aimed to investigate the effect of AVG both in isolation, and in combination with other growth regulators and postharvest techniques on the harvest quality and storage potential of 'Brookfield' apples.
Materials and Methods

Plant material and treatments application
Treatments were applied in 2012 in a commercial orchard in Vacaria (28°30'44" S; 50°56'02" W; 971 m a.s.l.), in the state of Rio Grande do Sul -RS -Brazil. The orchard had a density of 3,575 plants ha -1 , and the rootstocks used were M9. During the growing season, the following fertilization was carried out: 80 kg ha -1 of nitrogen and 120 kg ha -1 of potassium. The treatments were: (i) Control: water only application; (ii) AVG application (0.83 kg ha -1 15 % of active ingredient) 30 days before harvest (BH); (iii) AVG + Ethephon (2.0 L ha ) during postharvest, according to Corrêa et al. (2011) . An output of 1,000 L ha -1 of water was applied Harvest, fruit selection and storage conditions Each replication of 50 fruits was harvested and fruits that presented mechanical lesions or any other damage symptom were discarded. Then, the fruit selection process was once again carried out aiming to eliminate fruits that presented mechanical lesions, due to transportation. Immediately after this selection, samples of 25 fruits each were chosen and put into hermetically sealed chambers in order to install controlled atmosphere conditions (1.2 kPa of O 2 + 2.0 kPa of CO 2 ). The storage temperature was 1.5 °C (± 0.1) and relative humidity 94 % (± 1.0 %), over a period of 8 months. During this storage period, the controlled atmosphere conditions were corrected daily with an automatic gas controller equipped with a gas analyzer.
Fruit quality evaluation
The following physical, chemical and biochemical parameters were evaluated: i) ACC oxidase enzyme activity: evaluated according to the methodology proposed by Bufler (1986) ; ii) ethylene production: determined by the storage of approximately 1.5 kg of fruits in a container with a volume of 5 L, that was hermetically sealed for approximately 1 h. Then two aliquots of 1 mL of each container were drawn and injected into a gas chromatograph equipped with a flame ionization detector (FID) and a Porapak N80/100 column. The temperatures of the column, the injector and the detector were 90, 140 and 200 °C respectively. Data were expressed in µL C 2 H 4 kg -1 h -1 ; iii) internal ethylene concentration (IEC) was determined according to the methodology proposed by Mannapperuma et al. (1991) , whereby internal air from the fruit was withdrawn by a 565 mm Hg suction pressure vacuum pump which removed air from the container filled with water in which the fruit was submerged. An inverted funnel, with a septum in its thinner end, covered the fruit, allowing the air removed from it to be accumulated. 1 mL samples of this air were injected in the same chromatograph used for ethylene production and the results were expressed in µL C 2 H 4 L -1 of the air from the fruit's internal space; iv) respiration rate: determined by using a chromatograph equipped with a capillary column, from the same 5 L-container used to establish the ethylene production. The data was expressed in mL CO 2 kg -1 h -1
; v) internal CO 2 concentration (ICO 2 ): determined by using the same gas chromatograph used to evaluate the respiration rate to obtain the CO 2 concentration of two samples from the same air extracted to assess the IEC, the results were expressed in mL CO 2 100 mL -1 of the air from the internal space of the fruit; vi) gas diffusion: evaluated according to the method proposed by Schotsmans et al. (2003) with adaptations; vii) flesh firmness: determined with the aid of a penetrometer equipped with a 11-mm tip, being expressed in Newtons; viii) flesh breakdown; ix) decay incidence; x) mealiness: xi) healthy fruits: determined by counting the fruits that showed such disorders, data were presented in percentages; xii): red skin color index: assessed subjectively through the identification of the skin area with a red color , on a scale of 0 -3: 0 = < 25 % of the fruit skin red; 1 = ≥ 25 % up to 50 % of the fruit skin red; 2 = ≥ 50 % up to 75 % of the fruit skin red; 3 = ≥ 75 % of the fruit skin red. The average was obtained by multiplying the total number of fruit by their respective red skin level, this product was then divided by the total number of fruit in the sample; xiii) mass loss: obtained by the difference of weight before and after storage, results expressed in percentage of mass loss of initial mass; xiv) titratable acidity: obtained by titration with 0.1 M NaOH of a solution with 10 mL of juice diluted in 100 mL distilled water, until pH 8.1 was reached, data expressed in mEq 100 mL -1 ; xv) soluble solids: obtained by refractometry, results expressed in °Brix; and p) Starch index: evaluated by the methodology proposed by Streif (1984) .
Statistical analysis
An analysis of variance (ANOVA) was carried out for all the parameters evaluated. When the ANOVA was significant, the parameters were compared by SkottKnott test (p < 0.05). The data, expressed in percentages, were transformed by the formula arc.sin , before the ANOVA.
Results and discussion
Quality analysis at harvest
Fruit that received AVG application only had the highest starch content (lowest iodine starch index) and titratable acidity (Table 1) due to the lower respiration rate of fruit subjected to the same treatment, once organic acid was consumed in the tricarboxylic acid cycle Taiz and Zeiger, 2009) . When the fruit received another growth regulator combined with AVG, the starch content was reduced, but remained higher than the control fruits (Table 1) . Similar results were obtained in 'Gala' apples, where higher starch content was verified in fruits that received AVG application, in relation to control fruits (Steffens et al., 2006) . Perhaps, the higher starch level in fruit with AVG application culminated in lower soluble solids (Table 1) , once the starch molecules had been converted into monosaccharides by fruit ripening.
Fruit from the control treatment and AVG + NAA groups had the highest ACC oxidase enzyme activity (Table 1) . However, a higher ethylene production level was only verified in control fruit. This result indicated that AVG application blocked the ACC production by ACC synthase inhibition and also proved that NAA application increased the ACC oxidase enzyme activity. Some authors suggest that auxin application stimulated the synthesis of new ACC synthase enzymes and therefore, increased ethylene production (Yu and Yang, 1979; Li and Yuan et al., 2008) , but our study demonstrated that NAA also induced ACC oxidase enzyme activity. Pre-harvest NAA application increases the expression of genes related to ethylene biosynthesis (MdACS1 and Md-ACO1), perception (MdERS1) and cell wall degradation (MdPG1) (Li and Yuan et al., 2008) .
Quality analysis after 8 months of storage
After 8 months of storage, control fruits had the highest ethylene production rate and increase during shelf life ( Figure 1A ). The fact that higher ethylene production of control fruits is related to higher ACC oxidase enzyme activity and to higher internal ethylene concentration (Kondo et al., 2009 ) was also confirmed in the present study due to the high Pearson correlation between these parameters (Table 2) . Fruits submitted to AVG, AVG + ethephon and AVG + NAA had an intermediate ethylene production level during shelf life. Other researchers also found that ethephon application after AVG did not increase ethylene production in 'Gala' apples (Wang and Dilley, 2001; Steffens et al., 2006) and 'Jonagold' apples (Wang and Dilley, 2001) .
Fruits that received pre-harvest AVG application combined with postharvest 1-MCP and ABS exhibited the lowest ethylene production level at the opening of chambers, at plus 4 and 6 days of shelf life ( Figure 1A ). The lower ethylene production level of these treatments is related to the two ways in which ethylene management is employed in these treatments. In other words, the enzyme responsible for ethylene precursor production was inhibited by AVG (Yu and Yang, 1979; Ju and Curry, 2000) and the ethylene action by 1-MCP (Blankenship and Dole, 2003; Ma et al., 2006; Watkins, 2006) and by ethylene absorption (Brackmann et al., 2010; Corrêa et al., 2011) .
At the opening of the chambers, control fruits and those treated with AVG + ethephon presented higher respiration rates than the other treatments ( Figure 1B) . It is probable that, the higher respiration rate of these fruits leads to a lower healthy fruit amount and less flesh firmness ( Figure 2H and 2I). The progress in fruit ripening reduces flesh firmness by elevated metabolism (higher respiration rate) and cell wall enzyme activity (Brummell et al., 1999) . However, after 2 days of shelf life, lower respiration rates were observed in fruits submitted to AVG, AVG + ethephon and AVG + NAA. A remarkable fact is that fruits that received AVG + 1-MCP and AVG + ABS exhibited the highest respiration at 2 exhibited the highest ACC oxidase enzyme activity; fruit that received AVG, AVG + NAA and AVG + ABS had intermediary activity; and fruit submitted to AVG + 1-MCP presented the lowest enzyme activity ( Figure  2A) . Perhaps, the lower ACC oxidase enzyme activity on fruits submitted to AVG + 1-MCP is related to the lower MdACO1 gene expression, considering that 1-MCP application decreased this gene expression in 'Fuji' and 'Golden Delicious' apples (Wakasa et al., 2006; Tatsuki et al., 2007) . However, other researchers suggest that the 1-MCP did not decrease the MdACO1 gene expression in 'Orin' (Tatsuki et al., 2007) nor in 'Granny Smith' apples (Asif et al., 2009 ). This fact explains why the ethylene production and the IEC were so low in fruit submitted to AVG + 1-MCP, once the ACC oxidase converts ACC into ethylene (Yang and Hoffman, 1984) . Fruits from the control treatment had the highest level of IEC in relation to all other treatments ( Figure  2B ). The IEC and ethylene production rate had the same responses to the treatment and also showed a high and positive Pearson correlation ( Table 2 ). The higher IEC in control treatment fruit is related to the high ACC synthase and ACC oxidase enzyme activity, once there are no products inhibiting the activity of these enzymes. On the other hand, the combination AVG + ABS and AVG + 1-MCP blocked the enzyme activity; therefore, these treatments caused low IEC and ethylene production. Other researchers also found a reduction in IEC concentration when fruits were submitted to pre-harvest AVG application (Wang and Dilley, 2001; Salas et al., 2011) and postharvest 1-MCP (Watkins and Nock, 2012; Nock and Watkins, 2013) .
High internal dioxide carbon concentration (ICO 2 ) may lead to physiological disorders, especially for CO 2 susceptible apples (Castro et al., 2008) . Fruit submitted to AVG + NAA, AVG + 1-MCP and AVG + ABS applications exhibited the lowest ICO 2 ( Figure 2C ). These fruits have higher cell integrity and lower respiration rates. The higher cell integrity is related to lower mealiness and absence of flesh breakdown in fruits with lower ICO 2 .
Although the absence of flesh breakdown incidence can also be related to higher mass loss in fruits submitted to these treatments ( Figure 3C ), previous research suggests that mass loss reduces the flesh breakdown in 'Royal Gala' apples and maintains higher quality in peaches (Prunus persica) (Pinto et al., 2012) . The relationship between the two parameters (ICO 2 × mealiness) is also exhibited in the high Pearson correlation (Table 2) . Perhaps the higher ICO 2 in fruit with high mealiness is related to the intercellular space reduction by the soluble pectin, whereby fruit softening is a result of hydrolysis of various cell wall components, such as pectin (Prasanna et al., 2007; Payasi et al., 2009) .
During postharvest, the fruit maintains the respiration pathways. Thus, oxygen must be diffused from the outside to the inside of the fruit and carbon dioxide days of shelf life. However, after 4 and 6 days of shelf life, the respiration rates of the fruits submitted to these treatments were once again lower than all the other treatments tested ( Figure 1B) .
The lower respiration rate is possibly related to the lower ethylene production and IEC, considering that these characteristics have a high Pearson correlation (Table 2 ) and because the respiration is an ethylene triggered process (Pre-Aymard et al., 2003) . The high Pearson correlations show that the ethylene production, ACC oxidase enzyme activity and respiration rate have the same response to the growth regulators. A clear climacteric peak was not observed in this study. This fact is related to the long term CA storage at a low temperature. Once apples are stored in low temperature they do not present a characteristic climacteric peak (during shelf life) after storage .
ACC oxidase is the enzyme that transforms ACC into ethylene, through the oxidation of this molecule. In the present study, control and AVG + ethephon fruits from the inside to the outside. This fact assigns gas diffusion a fundamental role in the maintenance of high quality throughout the apple pulp (Argenta et al., 2002) . Growth regulators applied in the field affected (p < 0.05) gas diffusion ( Figure 2D ). Fruits treated with AVG, AVG + 1-MCP and AVG + ABS had the highest gas diffusion rate throughout the apple pulp. The higher gas diffusion of these fruits is a result of the higher cell wall integrity, once the gas diffuses through the intercellular spaces formed by the cell wall (Schotsmans et al., 2004; Verboven et al., 2007) . One of the main problems during apple storage is the incidence of physiological disorders, such as mealiness. This physiological disorder is characterized by low succulence and flesh with a mealy aspect. Fruit from the control treatment group showed the highest incidence of mealiness ( Figure 2E ), which is related to higher ethylene production and IEC, since they have a high Pearson correlation ( Table 2 ). The effect of the ethylene on mealiness is related to cell wall enzyme activation (Prasanna et al., 2007; Goulao and Oliveira, 2008; Payasi et al., 2009 ). On the other hand, the combined application of AVG + NAA, AVG + 1-MCP and AVG + ABS suppressed (p < 0.05) the incidence of mealiness in relation to AVG application in isolation ( Figure 2E) .
Fruits from the same treatment groups did not present any symptom of flesh breakdown ( Figure 2F ), but there were no differences (p > 0.05) between the treatments. The low ICO 2 is related possibly to the absence of flesh breakdown under these treatments, as well as to the internal CO 2 concentration, which can influence the occurrence of physiological disorders (Castro et al., 2008) .
Regarding the incidence of decay, there were no differences (p > 0.05) between treatments ( Figure 2G) . However, the decay values are very low in relation to a number of other research studies in which the researchers found a higher incidence of decay under similar storage conditions (Brackmann et al., 2009) . Regarding the healthy fruit percentage, fruit submitted to AVG, AVG + Figure 2H ). The highest percentage of healthy fruits subjected to these treatments has an inverse relationship with ethylene production, respiration rate, IEC and mealiness (Table 2 ). The incidence of less healthy fruit, when fruits were treated with ethephon after AVG, is probably related to the ethephon transformation in ethylene, which advances fruit ripening and increases its fungal susceptibility. Nevertheless, the samples submitted to AVG + ethephon had a higher percentage of healthy fruit compared to control fruits. Flesh firmness is one of the best indicators of the postharvest quality of apples. Fruit subjected to AVG + 1-MCP and AVG + ABS, maintained the highest flesh firmness in relation to all other treatments ( Figure 2I ). The greater flesh firmness under these treatments is a result of the lower ethylene production, once they have an inverse Pearson correlation (Table 2) . Fruit softening is a complex process that involves three steps: the loss of cell wall mediated by expansins, depolymerization of hemicelluloses and polyuronide section by polygalacturonase or other hydrolytic enzymes (Brummell et al., 1999) . Thus, fruit subjected to these treatments have less cell wall enzyme activity and ethylene is necessary to initialize this enzyme activity (Nishiyama et al., 2007; Prasanna et al., 2007; Goulao and Oliveira, 2008; Payasi et al., 2009) .
In melons (Cucumis melo), the 1-MCP application stopped fruit softening, suggesting that fruit softening is an ethylene-dependent event (Nishiyama et al., 2007) . Fruit subjected to ethephon application after AVG had less flesh firmness than the ones that received AVG application only ( Figure 2I ). Wang and Dilley (2001) also found a reduction in flesh firmness by ethephon application in 'Gala' and 'Jonagold' apples. However, no flesh firmness reduction was observed in 'Gala' apples produced in Brazil when ethephon was applied after AVG (Steffens et al., 2006) .
The titratable acidity and combined soluble solids are very important flavor components. Fruit subjected to AVG, AVG + 1-MCP and AVG + ABS had the highest titratable acidity ( Figure 3A) . Perhaps, the higher titratable acidity is related to the lower respiration rate, once the organic acids are consumed in the Krebs cycle Taiz and Zeiger, 2009 ). Higher soluble solids were observed in fruits in the control treatment group and subjected to AVG + ethephon application ( Figure 3B ). The higher soluble solids of these treatments are related to the hydrolysis of the cell wall molecules, represented by less flesh firmness ( Figure 2I ). Pinto et AVG: aminoethoxyvinylglyce applied 30 days before harvest. Ethephon: application 10 days before harvest. NAA: Auxins application 7 days before harvest. 1-MCP: 1-metylcyclopropene application during postharvest life (storage). ABS: Ethylene absorption in chambers by potassium permanganate sachets. **Red skin color index: assessed subjectively through the identification of the skin area with red color, on a scale of 0 -3: 0 = < 25 % of the fruit skin red; 1 = ≥ 25 % up to 50 % of the fruit skin red; 2 = ≥ 50 % up to 75 % of the fruit skin red; 3 = ≥ 75 % of the fruit skin red. ***Means followed by equal letters, in the same parameter, do not differ by Skott-Knott's test, at 5 % probability (p < 0.05). ns: no significant differences between treatments. (Brackmann et al., 2014) . These authors also found that 24 % of mass loss occurs as a function of respiration rate and is affected by storage conditions. Fruit treated with pre-harvest AVG and AVG + ethephon showed lower mass loss ( Figure 3C ). The lower mass loss in the fruits that received these treatments results in higher profit for the storer, but it can induce physiological disorders during storage. In 'Royal Gala' apples, 3 % of mass loss culminated in a reduction of mealiness and flesh breakdown and also promoted a decrease in ethylene production and ACC oxidase enzyme activity in 'Eragil' peaches (Pinto et al., 2012) .
One of the main attributes observed by consumers is the external quality of the fruits, such as its red coloration. Some authors have identified a less intense red skin color of the fruits when treated with AVG (Wang and Dilley, 2001; Awad and Jager, 2002; Steffens et al., 2006) , a result of the ethylene production inhibition and, therefore, a lower expression of the anthocyanin gene (Awad and Jager, 2002) . However, in our research the growth regulators applied in the field and the postharvest storage techniques did not influence the fruits red skin color index ( Figure 3D ).
The high incidence of red skin color in the fruits, even when these were treated with growth regulators, is perhaps due to the intense red color of 'Brookfield' apples. Thus, the AVG application may reduce the red skin color, but this reduction is not significant for this 'Gala' strain. No increase in the red skin color of the fruits with the application of ethephon after AVG in the present study, which is in disagreement with prior research studies (Wang and Dilley, 2001; Steffens et al., 2006; Ban et al., 2007) . Again, this result can be attributed to the high red skin coloration of this cultivar.
Conclusions
Pre-harvest AVG application, combined with postharvest application of either 1-MCP or ABS, reduced ethylene production, IEC and respiration rate and maintained a level of greater flesh firmness after 8 months of storage.
AVG application, with or without another technique, did not affect the red skin color of 'Brookfield' apples. The naphthaleneacetic acid application induced ACC oxidase enzyme activity at harvest, but not after storage.
Ethephon (2.0 L ha -1
) associated with AVG depressed the postharvest quality of apples in comparison to the treatment of AVG alone or AVG plus 1-MCP and AVG plus ABS.
